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•  Basics	  
•  Trial	  Wave-‐func2ons	  

•  (Brief)	  Intro.	  To	  (some)	  Quantum	  Chemistry	  	  

•  Survey	  of	  Recent	  Applica2ons	  
•  Future	  Outlook	  

Outline	  	  

Today	  we	  will	  focus	  on	  finite	  systems!	  
Tomorrow	  focus	  will	  be	  on	  solids!	  	  



First-‐Principles	  Computa2onal	  Physics/Chemistry	  
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i ∂tΨ = ˆ H Ψ
Thermodynamics: 	

•  crystal structures	

•  phase transitions	

•  strength	

•  defects and 
dislocations	


Exotic electronic 
phases:	

•  Superconductivity	

•  Magnetism	

•  Charge ordering	


Optical and Transport Properties:	

•  spectra	

•  conductivity	

•  viscosity	

•  diffusion	


Schrodinger	  Equa2on	  	  
Theory	  of	  electrons	  and	  ions	  

Chemistry:	

•  chemical reactions	

•  molecular properties	

•  bonding patterns/formation	

•  solvation properties	

•  surfaces	


Plasmas:	

•  equilibrium prop.	

•  kinetics	

•  instabilities	

•  shocks	




Born-‐Oppenheimer	  Approxima2on	  

melec	  <<	  mprot	  	  they	  move	  

on	  different	  2me	  scales	  	  
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Ĥ = −
2

2m

∇i
2

i
∑ +

e2
ri −
rj
−

i< j
∑ ZIe

2

ri −

RIi,I

∑ −
2

2M

∇I
2

I
∑ +

ZIZJe
2


RI −

RJI<J

∑

If	  finite	  gap	  between	  ground	  state	  and	  1st	  
excited	  state,	  assume	  electrons	  remain	  in	  
the	  ground	  state!	  (Electrons	  at	  T=0	  K	  !)	  
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Solve	  ionic	  problem	  !	  

BO	  leads	  to	  independent	  
solu2ons	  for	  electrons	  
and	  ions	  (different	  
approxima2ons)	  !!!	  



First-‐Principles	  Electronic	  Structure	  Theory	  

Density	  Func,onal	  Theory	  
	  	  	  	  	  	  Mean-‐field	  cost,	  well	  developed	  codes,	  easy	  to	  learn,	  HPC.	  
	  	  	  	  	  	  Hard	  to	  improve,	  accuracy	  is	  unknown,	  fails	  for	  correlated	  problems!	  	  	  	  	  	  
Quantum	  Chemistry	  Methods	  
	  	  	  	  	  	  Very	  accurate	  and	  robust,	  well	  developed	  codes.	  
	  	  	  	  	  	  High	  cost(>N5),	  very	  hard	  for	  solids,	  complicated,	  no	  HPC.	  

Quantum	  Monte	  Carlo	  	  	  	  	  
•  	  Accurate,	  improvable,	  trivially	  parallelizable,	  ok	  scaling	  (N3)	  

	  	  	  	  	  	  	  High	  cost,	  human	  2me	  intensive,	  	  small	  community,	  problems	  at	  high	  Z.	  
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•  QMC:	  stochas2c	  solu2on	  of	  the	  Schrodinger	  equa2on	  

–  Exact	  for	  bosonic	  problems	  

–  Sign	  problem	  for	  fermions:	  approxima2ons	  required	  

•  Stochas2c	  methods	  offer	  the	  main	  alterna2ve	  for	  exact	  results	  in	  classical	  many-‐
par2cle	  problems.	  	  

–  Can	  we	  reach	  the	  same	  scenario	  on	  fermionic	  problems?	  

Why	  QMC?	  

Some Strengths 
  Many-body problem 

•  Direct treatment of electron correlation 
•  Variational results: Systematically improvable 

solutions 
•  Framework for accurate (possibly exact) 

results  

  Low scaling with particle number 
  Efficient use of massively parallelized 

resources 
•  > 90% efficiency on > 250k CPU 
•  Efficient GPU implementation  

Some Weaknesses 

  Many-body problem 
•  Strong size effects in solids  
•  Hard to simplify problem (symmetry, core, etc) 
•  High computational cost 

  Fixed node approximation hard to control 

  High learning curve 
•  Small community 
•  Slow and uncoordinated development 



Basic	  Workflow	  

Run	  GAMESS	  

Use	  convert4qmc	  

Op2mize	  Wave-‐func2on	  

Run	  VMC	  and	  DMC	  

rungms	  HF.inp	  >	  HF.out	  
convert4qmc	  –gamessAscii	  HF.out	  
qmcapp	  optm.xml	  
qmcapp	  vmc_dmc.xml	  
qmca	  	  	  	  

As	  we	  will	  see	  in	  the	  amernoon,	  QMCPACK	  calcula2ons	  on	  finite	  systems	  are	  easy!	  	  
• 	  	  	  	  The	  converter	  takes	  care	  of	  most	  of	  the	  work!	  	  
• 	  	  	  	  Basic	  op2miza2on	  block	  will	  work	  with	  almost	  any	  wave-‐func2on!	  
• 	  	  	  	  Good	  ECP	  libraries	  exist!	  Grab	  one	  and	  start	  calcula2ons!	  	  
• 	  	  	  	  For	  many	  problems,	  standard	  SJ	  wave-‐func2on	  is	  good	  enough.	  Should	  
always	  start	  here.	  



Effec2ve	  Core	  Poten2als	  for	  Chemistry	  
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•  Remove	  core	  electrons.	  
•  Typically	  expanded	  with	  Gaussians.	  
•  Should	  be	  used	  with	  corresponding	  basis	  sets	  if	  available!	  
•  2	  well	  tested	  ECP	  collec2ons	  for	  molecules:	  BFD	  and	  Casino.	  

Gaussian,	  Gamess	  and	  Molpro	  format.	  
hop://burkatzki.com/pseudos/index.2.html	  

Tabulated,	  Gaussian,	  Gamess	  format.	  
hop://vallico.net/casinoqmc/pplib/	  

Vl = cir
nie−αir

2

i
∑

More	  
Tomorrow!	  



Trial	  Wave-‐Func2ons	  

•  Cri2cally	  important	  in	  all	  QMC	  calcula2ons:	  
–  Uncontrolled	  approxima2ons	  depend	  on	  ΨT	  

–  Systema2c	  effects	  also	  depend	  sensi2vely	  on	  ΨT	  

–  Defines	  cost	  and	  accuracy!	  	  
•  QMC	  can	  handle	  complicated	  wave-‐func2ons.	  

–  If	  we	  can	  evaluate	  it	  in	  real	  space,	  we	  can	  use	  it!	  
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For VMC, DMC:    Ψ(r ),    

∇iln Ψ(r ) ,     ∇i

2ln Ψ(r )   { }
For optimization:    ∇αΨ(r ),    ∇α


∇iln Ψ(r ) ,     ∇α∇i

2ln Ψ(r )   { }

What	  do	  I	  need	  to	  evaluate?	  



Basis	  Sets	  for	  Molecules	  
•  Single	  par2cle	  states	  are	  expanded	  in	  a	  linear	  combina2on	  of	  atom-‐

centered	  basis	  func2ons.	  

–  Gaussians	  are	  the	  most	  popular	  basis	  func2on.	  Gaussian	  integrals	  can	  be	  performed	  analy2cally!	  
–  GTOs	  have	  a	  poor	  shape	  close	  to	  the	  nucleus.	  Fixed	  linear	  combina2ons	  (contrac2ons)	  are	  used	  to	  

improve	  the	  shape	  of	  the	  basis	  (so	  that	  basis	  func2ons	  resemble	  realis2c	  atomic	  orbitals)	  	  	  

•  Internally,	  QMCPACK	  transforms	  all	  radial	  basis	  func2ons	  into	  a	  numerical	  
representa2on	  with	  cubic	  (or	  quin2c)	  Spline	  interpola2on.	  	  	  

–  Faster	  evalua2on!	  Cleaner	  code!	  
–  Both	  cartesian	  and	  solid	  harmonics	  for	  angular	  representa2on.	  
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Basis	  sets	  
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•  Basis	  sets	  are	  (almost)	  ubiquitous	  in	  molecular	  calcula2ons.	  

•  Considerable	  effort	  has	  been	  put	  in	  developing	  hierarchical	  basis	  sets	  of	  increasing	  
accuracy.	  

–  Molecular	  proper2es	  converge	  slowly	  basis	  set	  size.	  

•  Typical	  basis	  sets:	  
1.  Minimum	  basis	  sets:	  1	  basis	  func2on	  per	  electron	  pair 	  	  
2.  Pople	  basis	  sets:	  STO-‐nG,	  6-‐31	  G,	  etc.	  

3.  Correla2on	  consistent	  basis	  sets:	  cc-‐pVXZ,	  aug-‐cc-‐pVXZ,	  cc-‐pCVXZ,	  etc;	  where	  X	  is	  {D,	  T,	  Q,	  5,	  etc}.	  
4.  Atomic	  Natural	  Orbital	  basis	  sets:	  e.g.	  ANO-‐TZ	  

K.	  Peterson,	  J.	  Chem.	  Phys.	  99,	  1930	  (1993).	  	  

Correla2on	  energy	  converges	  very	  slowly:	  

EHF (X) ≈ EHF
CBS + ae−cX

Ecorr (X) ≈ Ecorr
CBS + aX−3

HF	  energy	  converges	  exponen2ally	  fast:	  



Slater	  Determinants	  
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Typical	  opera2on	  cost:	  
•  Evalua2on	  of	  each	  	  	  	  	  	  	  	  	  :	  	  	  N	  

–  With	  localized	  orbitals	  or	  splines:	  O(1)	  

•  Inverse	  and	  determinant	  of	  M:	  	  	  N3	  

•  Single	  par2cle	  update	  to	  M-‐1:	  	  	  N2	  
•  Evaluate	  all	  gradients	  and	  laplacians:	  	  

–  From	  scratch:	  	  	  N3	  

–  With	  known	  inverse:	  	  	  N2	  
–  For	  a	  single	  par2cle:	  N	  

Single	  par2cle	  orbital	  set,	  e.g.	  DFT,	  HF.	  Let	   Mk,i = φk (

ri )

D(r ) = det M( ) = det
φi1 (
r1) … φi1 (

rN )

  
φiN (
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#
#
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−1
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∑ ∇2φk (
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•  In	  a	  basis	  set,	  Slater	  determinants	  are	  a	  
complete	  many-‐body	  basis.	  

–  Leads	  to	  combinatorial	  number	  of	  
determinants.	  Given	  M	  orbitals,	  all	  possible	  
ways	  to	  choose	  N.	  

•  Hartree-‐Fock	  state	  is	  the	  best	  single	  
determinant	  representa2on	  of	  the	  
system.	  

–  Typically,	  methods	  are	  based	  on	  excita2ons	  out	  
of	  HF	  determinant.	  

Figure	  from:	  G.	  H.	  Booth,	  Nature	  493,	  365–370	  (2013).	  



Configura2on	  Interac2on	  
•  Full	  CI:	  exact	  diagonaliza2on	  of	  Hamiltonian	  in	  determinant	  basis	  

–  Scales	  exponen2ally	  with	  system	  size.	  

–  Exact	  solu2on	  within	  given	  basis	  set!	  

•  Truncated	  CI:	  include	  all	  determinants	  up	  to	  a	  given	  excita2on	  from	  HF.	  

–  Beoer	  scaling	  with	  system	  size:	  N4+k,	  when	  up	  to	  k	  excita2ons	  are	  included.	  

–  It	  is	  not	  size	  extensive!	  (Accuracy	  is	  not	  uniform	  as	  a	  func2on	  of	  system	  size)	  
•  Can	  you	  think	  why?	  

•  Complete	  Ac2ve	  Space	  (CAS)-‐CI:	  Instead	  of	  limi2ng	  by	  excita2ons,	  limit	  
the	  number	  of	  ac2ve	  orbitals.	  CAS-‐CI	  means	  full-‐CI	  on	  a	  subset	  of	  the	  
single	  par2cle	  orbitals.	  

–  S2ll	  scales	  exponen2ally,	  but	  on	  a	  much	  reduced	  space.	  

–  Useful	  (needed)	  in	  strongly	  correlated	  systems.	  
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Electronic	  Correla2on:	  Dynamic	  vs	  Sta2c	  
In	  simple	  terms:	  

•  Sta,c	  (or	  strong)	  correla,on:	  Contribu2on	  from	  important	  determinants!	  
Their	  contribu2on	  to	  the	  total	  many-‐body	  wave-‐func2on	  is	  large,	  e.g.	  >	  0.1.	  	  
–  If	  only	  HF	  has	  large	  weight,	  the	  system	  is	  considered	  single	  reference.	  In	  this	  case,	  

perturba2on	  theory	  based	  on	  HF	  should	  work!	  
–  If	  mul2ple	  determinants	  have	  large	  weights,	  they	  must	  all	  be	  considered	  in	  

perturba2on	  theory,	  e.g.	  MR-‐CI.	  

–  Typically	  related	  to	  nearly	  degenerate	  low-‐energy	  orbitals.	  Mul2ple	  slater	  
determinants	  are	  close	  in	  energy,	  true	  many-‐body	  state	  has	  contribu2ons	  from	  
many	  of	  them.	  

–  Symmetry	  constraints	  can	  also	  introduce	  sta2c	  correla2on!	  
•  RHF	  can	  not	  dissociate	  into	  fragments!	  UHF	  can!	  

•  Dynamic	  Correla,on:	  Combined	  contribu2on	  of	  exponen2ally	  large	  number	  
of	  “unimportant”	  determinants.	  

–  Main	  contribu2on	  from	  short-‐range	  correla2ons	  (electrons	  repel	  each	  other!)	  

–  Other	  contribu2ons	  like	  dispersion	  interac2ons!	  
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Jastrow	  Func2ons	  -‐	  I	  

•  Correlates	  electrons	  explicitly.	  Excellent	  for	  dynamic	  correla2on!	  
–  Constructed	  to	  sa2sfy	  e-‐e	  and	  e-‐I	  cusp	  condi2ons.	  
–  Very	  hard	  to	  treat	  in	  determinis2c	  methods.	  Need	  for	  mul2-‐electron	  repulsion	  

integrals!	  

•  Only	  bosonic	  correla2on.	  Does	  not	  modify	  nodes!	  
–  No	  improvement	  to	  fixed-‐node	  error.	  
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ΨT (
 r ) = D( r ↑ )D( r ↓ )eJ (
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Gruneis,	  et	  al.,	  JCP	  139,	  084112	  (2013).	  

Slater-‐Jastrow	  	  

Cusp	  condi2ons	  must	  be	  sa2sfied	  exactly	  
to	  prevent	  divergence	  of	  the	  local	  energy.	  
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Jastrow	  Func2ons	  -‐	  II	  

•  Each	  term	  is	  expanded	  with	  an	  atom-‐centered	  basis	  set	  
•  Varia2onal	  parameters	  fully	  op2mized	  with	  VMC.	  
•  If	  needed,	  radial	  func2ons	  must	  sa2sfy	  cusps.	  	  
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Jastrow	  Func2ons	  -‐	  III	  
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f (rij ) =
arij
1+ brij

Pade	  func2ons	  

f (r) = bk,3(x)pk
k=i−1

k+2

∑

bk,3(x) = piecewise cubic polynomials

In	  addi2on	  to	  standard	  basis	  func2ons	  
like	  exponen2als,	  gaussians	  and	  
polynomials,	  other	  popular	  func2ons	  
used	  to	  expand	  the	  Jastrow	  are:	  	  

f (rij ) =
1− q(rij / rcut)

1+ b q(rij / rcut)

q(r) = r2 (6−8r +3r2 )

Polynomial-‐	  
Pade	  func2ons	  

QMCPACK	  can	  use	  numerical	  basis	  func2ons	  (splines)!	  

B-‐splines	  
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Quick	  Survey	  of	  S-‐J	  

18	  

Dubecky,	  et	  al.,	  JCTC	  9,	  4287-‐4292	  (2013).	  

Nemec,	  et	  al.,	  JCP	  132,	  034111	  (2010).	  

S22	  Test	  set	  (kcal/mol):	  
PBE:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2.50	  	  	  	  	  	  	  	  	  	  MP2:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.88	  	  	  	  	  	  	  
PBE0:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2.30	  	  	  	  	  	  	  	  	  	  CCSD(T)-‐CBS:	  	  	  0	  	  	  	  	  	  
PBE-‐D3:	  	  	  	  	  	  	  	  	  	  	  	  0.44	  	  	  	  	  	  	  	  	  	  	  QMC-‐SJ:	  	  	  	  	  	  	  	  	  ~0.27	  	  
B3LYP:	  	  	  	  	  	  	  	  	  	  	  	  	  	  3.66	  	  	  	  	  	  	  	  	  	  	  	  	  	  
B3LYP-‐D3:	  	  	  	  	  	  	  	  0.36	  	  	  	  	  	  	  	  	  	  



Mul2-‐Determinant	  Wave-‐Func2ons	  

•  Configura2on	  State	  Func2on	  (CSF):	  Space	  and	  spin	  adapted	  linear	  
combina2on	  of	  Slater	  determinants.	  
–  {dq}	  are	  determined	  by	  symmetry	  

•  Op2mize	  linear	  coefficients	  with	  VMC.	  
–  Systema2c	  reduc2on	  of	  fixed-‐node	  error!	  

•  Limited	  applicability	  in	  extended	  systems.	  
–  Expansion	  is	  not	  size-‐consistent!	  

•  Recover	  both	  sta2c	  and	  dynamic	  correla2on	  
–  Jastrow	  and	  linear	  coefficients	  must	  be	  op2mize	  together	  to	  obtain	  op2mal	  results.	  
–  Efficient	  and	  robust	  op2miza2on	  algorithms	  are	  crucial!	  

19	  
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Basic	  Algorithm	  

Tradi2onally,	  evaluate	  each	  determinant	  independently.	  
–  scales	  linearly	  with	  number	  of	  determinants.	  

20	  
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Fast	  Algorithm	  

21	  B.	  K.	  Clark,	  et	  al.,	  J.	  Chem.	  Phys.	  135,	  244105	  (2011).	  

-‐	  Instead	  of	  evalua2ng	  every	  determinant	  independently,	  we	  can	  evaluate	  the	  
ra2o	  of	  each	  determinant	  and	  a	  reference	  determinant	  using	  the	  Generalized	  
Matrix	  Determinant	  Lemma.	  

Matrix	  Determinant	  Lemma	  

€ 

det A + uvT( )
det A( )

= 1+ vT Au( )

Generalized	  Matrix	  Determinant	  Lemma	  

€ 

det A +UVT( )
det A( )

= det 1+VT AU( )



Some	  Applica2ons	  of	  MSD	  	  
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Morales,	  et	  al.	  J.	  Chem.	  Theory	  Comput.,	  2012,	  8	  (7),	  pp	  2181–2188	  

H2O	  Molecule	  

Systema2c	  convergence	  of	  atomiza2on	  energies!	  

Tri-‐Radicals	  

L.	  Koziol,	  M.	  A.	  Morales,	  JCP	  ??	  (2014).	  



Challenge	  to	  QMC	  groups:	  solve	  
within	  QMC.	  
1.  Calculate	  op2mal	  orbitals	  

with	  QMC.	  
2.  Develop	  efficient	  

screening	  technique	  for	  
important	  determinants.	  

•  MSD	  calcula2ons	  have	  2	  important	  considera2ons	  (see	  amernoon	  tutorial):	  

1.  Choice	  of	  orbitals	  

•  Ul2mate	  accuracy	  of	  MSD	  expansion	  depends	  on	  choice	  of	  orbitals,	  e.g.	  HF,	  MP2,	  CASSCF,	  DFT,	  …	  

2.  Choice	  of	  determinant	  configura2ons,	  given	  1).	  

•  No	  general	  rela2on	  between	  important	  configura2ons	  across	  different	  orbital	  sets.	  

•  #	  of	  configura2ons	  is	  exponen2al:	  currently	  we	  rely	  on	  QC	  methods	  to	  provide	  an	  ini2al	  screening.	  	  

Choice	  of	  Orbitals	  and	  Configura2ons	  
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Transforma2on	  can	  be	  generalized	  to	  add	  
electron-‐Ion	  and	  three	  body	  terms.	  

Single	  par2cle	  updates	  change	  all	  quasi-‐par2cle	  
coordinates.	  

•  More	  expensive	  evalua2on.	  Single	  electron	  
moves	  might	  s2ll	  be	  more	  efficient!	  

Backflow	  Transforma2ons:	  Opera2ons	  

Y.	  Kwon,	  et	  al.,	  “Effects	  of	  three-‐body	  and	  backflow	  correla7onsin	  the	  two-‐dimensional	  electron	  gas.”,	  PRB	  48,	  12037	  (1993).	  
P.	  Lopez-‐Rios,	  et	  al.	  “Inhomogeneous	  backflow	  transforma7ons	  in	  quantum	  Monte	  Carlo	  calcula7ons.”,	  PRE	  74,	  066701	  (2006).	  
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As	  seen	  yesterday,	  Feynman-‐Kacs	  formula	  naturally	  leads	  to	  two-‐body	  Jastrow	  correla2ons	  at	  first	  order	  
and	  at	  second	  order	  to	  Backflow	  transforma2on	  and	  three-‐body	  Jastrow	  terms.	  



Applica2on	  of	  BF	  and	  MDF+BF	  

Seth,	  et	  al.	  J.	  Chem.	  Phys.	  134,	  084105	  (2011).	  
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M.A.	  Morales,	  et	  al.	  JCTC	  8,	  2181-‐2188	  (2012).	  

-‐	  	  Backflow	  transforma2ons	  are	  very	  effec2ve	  for	  
homogeneous	  systems,	  e.g.	  HEG.	  
-‐	  	  Promising	  path	  for	  molecular	  systems,	  in	  
par2cular	  when	  combined	  with	  MSD	  
•  Short	  MSD	  expansions	  (~50-‐100	  CSF)	  combined	  

with	  BF	  lead	  to	  same	  accuracy	  as	  much	  longer	  MSD	  
(up	  to	  ~3000	  CSF).	  	  

-‐	  	  	  Typical	  reduc2on	  of	  variances	  by	  ~30%-‐50%.	  	  

SJ	  

SJ-‐3B	  

SJ-‐BF	  

FN	  SJ-‐BF	  

Y.	  Kwon,	  PRB	  58,	  6800	  (1998).	  

MSD	  

MSD+BF	  

SJ	  



Other	  Wave-‐Func2ons	  	  

ΨLGVB1 = c0 Φ0 + ci Φibib
iaia

i=1

N /2

∑
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R) = A φ(ri

↑, ri
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N /2

∏

ΨLGVB10 = cij Φij
ij

6n

∑
CAS(4,4)

Linear-‐Scaling	  GVB	  	  

F.	  Fracchia,	  et	  al.,	  “Size-‐extensive	  Wave	  Func2ons	  for	  Quantum	  
Monte	  Carlo:	  A	  Linear-‐Scaling	  Generalized	  Valence	  Bond	  Approach”,	  
JCTC	  8,	  1943	  (2012).	  

M.	  Marchi,	  et	  al.,	  “Resona2ng	  valence	  bond	  wave	  func2on	  with	  
molecular	  orbitals:	  Applica2on	  to	  first-‐row	  molecules”,	  JCP	  131,	  
154116	  (2009).	  
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Resona2ng	  Valence	  Bond	  
Exci2ng	  developments	  with	  	  
novel	  wave-‐func2ons	  
•  Pairing	  wave-‐func2ons	  
•  Controlled	  determinant	  

expansions	  

M.	  Bajdich,	  et	  al.,	  “Pfaffian	  pairing	  and	  backflow	  wavefunc2ons	  for	  
electronic	  structure	  quantum	  Monte	  Carlo	  methods”,	  PRB	  77,	  
115112	  (2008).	  
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•  Already	  discussed	  FCI,	  Truncated-‐CI,	  CAS-‐CI.	  

–  Performed	  on	  a	  given	  set	  of	  orbitals.	  Approximate	  CI	  
methods	  depend	  on	  the	  set	  of	  orbitals.	  	  

•  Mul2-‐Configura2on	  Self-‐Consistent	  Field	  

–  Combines	  CI	  with	  orbital	  rota2ons.	  Obtains	  best	  
varia2onal	  solu2on	  within	  a	  given	  wave-‐func2on	  anzats	  
(selec2on	  of	  determinants).	  

•  HF	  orbitals	  are	  not	  op2mal	  for	  mul2-‐determinant	  expansions.	  MCSCF	  
op2mizes	  orbitals	  for	  a	  given	  expansion!	  

–  Performs	  a	  CI	  calcula2on	  with	  a	  selec2on	  of	  
determinants.	  In	  principle	  can	  be	  very	  general.	  

•  CASSCF:	  Performs	  calcula2on	  on	  a	  full	  CAS.	  N	  electrons	  in	  M	  orbitals.	  

•  Mul2-‐Reference	  CI	  or	  Second-‐Order	  CI	  

–  In	  addi2on	  to	  a	  selec2on	  of	  orbitals	  (e.g.	  CAS),	  include	  all	  
excita2ons	  from	  all	  orbitals	  up	  to	  a	  given	  level.	  

Quantum	  Chemistry	  Methods	  –	  MCSCF	  
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Survey	  of	  Some	  Applica2ons	  –	  Water	  and	  Aqueous	  Systems	  

Gillan,	  et	  al,	  J.	  Chem.	  Phys.	  136,	  244105	  (2012)	  
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B.	  Santra,	  PRL	  107,	  185701	  (2011).	  

Energe2cs	  of	  water	  clusters	  

Cohesive	  energy	  of	  	  
ice	  phases	  

Benchmark	  DFT	  and	  force	  fields	  on	  bulk	  systems	  	  

M.	  A.	  Morales,	  et	  al.	  JCTC	  10,	  2355	  (2014).	  

M.	  Dagrada,	  et	  al.,,	  hop://arxiv.org/abs/1312.2897.	  

Proton	  Transfer	  



Survey	  of	  Some	  Applica2ons	  –	  Excited	  States	  

Ground	  and	  Excited-‐State	  	  
Geometry	  Op2miza2on	  

R.	  Guareschi,	  et	  al.,	  “Ground	  and	  Excited-‐State	  Geometry	  Op2miza2on	  of	  
Small	  Organic	  Molecules	  with	  Quantum	  Monte	  Carlo”,	  JCTC	  9,	  5513	  (2013).	  

F.	  Schautz,	  et	  al.,	  “Excita2ons	  in	  photoac2ve	  molecules	  from	  quantum	  
Monte	  Carlo”,	  JCP	  121,	  5836	  (2004).	  

Photo-‐ac2ve	  	  
biomolecules	  

-‐	  	  Recent	  Development:	  Direct	  
op2miza2on	  of	  excited	  state	  
wave-‐func2ons	  and	  geometries	  	  
-‐	  	  Many	  excited	  states	  can	  be	  very	  
challenging	  to	  mean-‐field	  
methods	  



S.	  Saccani,	  et	  al.	  “Minimum	  energy	  pathways	  via	  
quantum	  Monte	  Carlo”,	  JCP	  138,	  084109	  (2013).	  

F.	  Fracchia,	  et	  al.,	  “Barrier	  Heights	  in	  Quantum	  Monte	  Carlo	  with	  Linear-‐
Scaling	  Generalized-‐Valence-‐Bond	  Wave	  Func2ons,	  JCTC	  9,	  3453	  (2013).”	  

Polarizabili2es	  

Barrier	  Heights	  	  
Reac2on	  Pathways	  	  

Di-‐radical	  Molecular	  Systems	  

A.	  Zen,	  et	  al.,	  “Sta2c	  and	  Dynamical	  Correla2on	  in	  Diradical	  Molecules	  
by	  Quantum	  Monte	  Carlo	  using	  the	  Jastrow	  An2symmetrized	  Geminal	  
Power	  Ansatz”,	  JCTC	  10,	  1048	  (2014).	  	  	  

E.	  Coccia,	  et	  al.,	  “Molecular	  Electrical	  Proper2es	  from	  Quantum	  Monte	  
Carlo	  Calcula2ons:	  Applica2on	  to	  Ethyne”,	  JCTC	  8,	  1952	  (2012).	  



•  Beoer	  wavefunc2ons	  
– controlled	  MSD	  expansions	  +	  BF	  	  

– Orbital	  and	  configura2on	  selec2on	  within	  QMC	  

•  More	  es2mators:	  Forces,	  second	  deriva2ves	  

•  Excita2ons	  
•  More	  applica2on!!!	  

– Correlated	  systems.	  

Outlook	  –	  What’s	  the	  next	  step?	  


